The regulated local synthesis of PtdIns4P and PtdIns(4,5)P 2 is crucial for TGN (trans-Golgi network)-plasma membrane trafficking. The activity of PI4Kβ (phosphoinositide 4-kinase IIIβ) at the Golgi membrane is a first mandatory step in this process. In addition to PI4Kβ activity, elevated Ca 2+ levels are also needed for the exit of vesicles from the TGN. The reason for this Ca 2+ requirement is at present unclear. In the present review, we discuss the role of neuronal Ca 2+ -sensor proteins in the regulation of PI4Kβ and suggest that this regulation might impose a need for elevated Ca 2+ levels for a late step of vesicle assembly.
Introduction
Role of Ca 2+ in vesicle formation and trafficking at the Golgi apparatus Many studies have shown that Ca 2+ signalling plays a crucial role in Golgi function [1, 2] . The Golgi by itself is a Ca 2+ store that contains release and sequestration apparatus involved in the generation of Ca 2+ transients with apparently slow as well as fast kinetics [1] [2] [3] . Instrumental for these Ca 2+ gradients are two types of Ca 2+ -ATPases, namely a sarcoplasmic reticulum/ER (endoplasmic reticulum) ATPase isoform and a thapsigargin-insensitive, secretory pathway Ca 2+ -ATPase. Ca 2+ release is triggered by the production of Ins(1,4,5)P 3 and its corresponding receptors on the Golgi. Moreover, Ca 2+ imaging studies have revealed that Ca 2+ concentrations are particularly high in the Golgi region [4] and Ca 2+ transients are probably confined to Golgi subcompartments. Several studies have shown that Ca 2+ regulates the passage of proteins along the secretory pathway. Taken together, these reports suggest that both Ca 2+ -dependent inhibition and stimulation of vesicular transport exist between different compartments of the secretory pathway ( [1] ; Figure 1 ). Most importantly, in previous work it has been established that the anterograde-directed exit of vesicles from the Golgi apparatus crucially requires Ca 2+ [3] and it is believed that local elevations in free Ca 2+ levels play a role in a late step of Golgi secretory function (Figure 1) . However, the underlying mechanisms are currently unknown.
Budding of vesicles from the TGN (trans-Golgi network) crucially requires PI4Kβ (phosphoinositide 4-kinase IIIβ) activity
In addition, the regulated local synthesis of PtdIns4P and PtdIns(4,5)P 2 is crucial for TGN-plasma membrane trafficking and the activity of PI4Kβ at the Golgi membrane is a first mandatory step in this process [5] [6] [7] . Interestingly, a number of studies have shown that the enzymatic activity of PI4Kβ is regulated by Ca 2+ via an interaction with Frequenin/NCS-1 (neuronal Ca 2+ -sensor protein-1; [8] [9] [10] [11] [12] [13] ). According to these studies, NCS-1 associates with PI4Kβ already in resting conditions, whereas an increase in Ca 2+ levels leads to increased enzyme activity due to a Ca 2+ -induced conformational change in NCS-1.
NCS proteins play multiple and divergent roles in neuronal signalling. Members of this family closely resemble the structure of their common ancestor calmodulin with four EF-hand Ca 2+ -binding motifs. Despite their relatively high degree of similarity, NCS proteins are thought to serve highly specialized functions in neurons. It is generally believed that the specificity with respect to their target interactions is brought about by the following: (i) a restricted subcellular localization, (ii) differences in Ca 2+ -binding affinities, or (iii) modifications of their EF-hand structure that might provide a unique interface for protein interactions [14] [15] [16] . Two novel members of this family are calneurons 1 and 2. Both proteins are highly homologous with each other and are closely related to the caldendrin/CaBP (Ca 2+ -binding protein) subfamily of Ca 2+ sensors [14] [15] [16] [17] [18] [19] . In recent years, we have characterized these two proteins in more detail. We found that calneurons are highly abundant at the Golgi in neurons and that their Golgi association is much more prominent than those of other Ca 2+ -sensor proteins such as caldendrin and NCS-1 [20] . Calneurons associate, like NCS-1, with PI4Kβ in a Ca 2+ -independent manner; at low Ca 2+ levels, PI4Kβ is preferentially associated with calneurons, Intra-Golgi trafficking is regulated by Ca 2+ via calmodulin [27] . Cargos subsequently progress through the stack to the TGN, where they are packaged and sent to the required destination. This late step in the TGN is also sensitive to Ca 2+ , probably because of a Ca 2+ -dependent regulation of one of the key enzymes, namely PI4Kβ, which phosphorylates PtdIns at position 4 and produces PtdIns4P. Lipid rafts enriched in PtdIns4P are thought to mediate clathrin-independent vesicle formation and have been proposed to participate in sorting at the TGN. Finally, trafficking of vesicles that bud off the TGN is Ca 2+ -independent.
whereas high Ca 2+ levels favour binding of NCS-1 [20] . Stunningly, and in sharp contrast with the activating role of NCS-1, calneurons strongly inhibit PI4Kβ activity in an enzyme activity assay, with markedly attenuated PI4Kβ activity at low to medium Ca 2+ levels [20] . Quantification of PtdIns4P levels in COS-7 cells revealed that overexpression of both calneurons significantly reduced PtdIns4P production, indicating that calneurons also inhibit PI4Kβ activity in vivo [20] .
Inhibition and activation of PI4Kβ by NCS proteins regulates Golgi-plasma membrane trafficking
In accord with another recent study [21] , overexpression experiments in primary neuronal cultures demonstrated that calneurons accumulate at the TGN and not at the cis-Golgi [20] . This resembles the localization of the endogenous proteins and we found an almost complete co-localization with PI4Kβ [20] . Interestingly, the TGN was significantly enlarged after calneuron overexpression. To assess the functional consequences of the calneuron-PI4Kβ interaction for TGN-plasma membrane trafficking in vivo, we examined the effects of calneuron overexpression on ATP-driven hGH (human growth hormone) release from transfected PC12 cells, a cell line in which heterologously expressed calneurons also prominently associate with the Golgi. Previous work has shown that PI4Kβ is crucially involved in the genesis of secretory vesicles in this assay and that their Golgi-trafficking is enhanced by NCS-1 overexpression [12, 13, 22, 23] . For calneuron-transfected cells, hGH release after stimulation was significantly lower and was clearly reduced below the basal release levels observed with the same constructs. Thus, in line with the results of the enzyme activity assay, overexpression of calneurons inhibits Ca 2+ -evoked exocytosis in vivo.
Synaptophysin is a vesicular component that has to pass via the Golgi to enter axons. We found that overexpression of calneuron-1 inhibits the exit of synaptophysin-positive vesicles from the TGN, whereas the opposite is found after knockdown of calneuron-1 [20] . Most importantly, the application of the Ca 2+ -chelating agent BAPTA [bis-(oaminophenoxy)ethane-N,N,N ,N -tetra-acetic acid], which clearly blocks vesicle trafficking from the Golgi in controls, has only a minor effect after RNAi (RNA interference) knockdown of calneuron-1 in primary neurons [20] . We could also demonstrate that calneurons negatively regulate the trafficking of PTVs (Piccolo-Bassoon transport vesicles). PTVs are large dense core vesicles that carry a set of proteins functionally coupled to synaptic vesicle exocytosis and that are thought to be essential for the formation of the presynaptic active zone during development [24, 25] . Overexpression of calneurons at the Golgi reduces the number of PTVs in axons and, concomitantly, significantly enlarges the size of the TGN due to a build-up of vesicle proteins [20] . A protein knockdown of calneurons has again the opposite effect. Thus calneurons might provide a Ca 2+ threshold for the exit of vesicles from the Golgi in neurons [20] .
Competitive binding of calneurons and NCS-1 to PI4Kβ is regulated by Mg

2+
These results suggest the existence of a molecular switch in the association of the three proteins with a dominant regulatory role of calneurons at low to medium Ca 2+ levels, which is counteracted by NCS-1 at higher Ca 2+ levels. However, the Ca 2+ -binding affinities of calneuron-1 and NCS-1 are reportedly very similar. We could solve this puzzle by showing that Mg 2+ binding of NCS-1 drastically reduces its Ca 2+ -binding affinity [20, 26] . In sharp contrast with NCS-1, Mg 2+ does not bind at physiologically relevant concentrations to calneurons [20] . Irrespective of Mg 2+ levels, Ca 2+ associates at Ca 2+ -specific regulatory sites with apparent global affinities of approx. 180 nM (calneuron-1; [17, 20] ) and 230 nM (calneuron-2; [20] (Figure 2) . The opposing roles of calneurons and NCS-1 in PI4Kβ-mediated PtdIns4P production suggest a scenario with only two discrete states and little fine-tuning of enzyme activity between both states (Figure 2) . Importantly, it can be deduced that the switch from calneuron to NCS-1 binding can induce a 3-4-fold increase in PtdIns4P production, which represents a major effect for the availability of this rare phospholipid (Figure 2 ). Taken together, this assigns a cellular function to calneurons, which add an important regulatory mechanism for stimulus-dependent dynamics in TGN-plasma membrane trafficking. 
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